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The Defense Metals Information Center was established at Lattelle Memorial Institute at
the request of the Cffice of the Director of Defense Rescarch and Engineering to provide Guvern-
ment contractors and their suppliers technical assistance and :nformation un titamum, bervihum,

magnesium, aluminum, high-strength steels, refractory metals, high-strength alloys for high-
temperature scrvice, and corrosion- and oxidation-resistant ceatings. lts functions, under the
direction of the Oifice of the Director of Dzfense Rescarch and Engineering, are as follows:

I §

1.

To collect, store, and disseminate technical information on the current
status of research and development of the above materials.

To supplement cvstablished Service zctivities 1n prov:éing tecknical ad-
visory services to producers, melters, and fabricators of the above

materials, and to designers and fabricatore of military equipmece- i ¢on-

taining these materials,

To assis:z the Government agencies and their contractors in developing
technical data required for preparation of specifications for the above

materials,

On assignment, to conduct surveys, or laboratory research imnvestiga-
ticns, mainly of a short-range nature, as required, to ascertain causes
of troubles encountered by fzbricators, or to {ill minor gaps in estab-

listed reseazch programs.
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When Government drawings,

Contract No. F 33615-68-C-1325

Notices

v Q.w} F Bennck

Rogér J. Ranck
Director

specifications, or other data are used for any purpose other than .n
connection with a definitely related Governn.oni procurement operation, the Un:ted State

thereby incurs no responsibility nor any cbligation whatsoever; and the fact that the Government

have formulated, farnished, or in any way supplied the said drawings
not to be regarded by imglication or otherwise as 4ny manner licensing the holder or any other
or corporation, or conveying any rigbts or permssion to manufacture, use,

tion that may in any way be related thereto.

Qualified requesters may obtain copies of this report from the Defznse Docume
(DDC}, Cameroxn Station, Bldg. 5, 5019 Duke Street, Alexandria, Virgin:a, 22314,

Ttnis document has been approved for public releass and sale, its distribution .s ini.n
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PROPERTIES OF NEN HIGH-TEMPERATURE TITANIUM ALLOYS

A. W, Hodge and D. J. Maykuth*

SUMMARY

This nemorandum co2parss and suzmarizes the
coapesitions, reccrzended heat treatments, and
basic physical and mechanical properties for a
group of 12 relatively new titaniunm alioys. Most
of these were developed for service above 600 F as
bar and forging alloys and can be considered as
alloys of the "super™ alpha class. These include
the Ti-6A1-2Sn-4Zr-2Mo, Ti-5A1-5Sn-5Zr, and
Ti-7A1-122Zr compositions, which were dgveloped in
the United States, as well as tte series of
IMI-679, -680, -EX 684, and -EX 700 alloys and
of Hylite 50, 51, 55, &, and €3 alloys, ail of
which were developed in the United Kinedo». in
-«dition, some preliminary data are presented for
a silicon-nodified version of the Ti-6A1-2Sn-4Ir-
24 alloy.

INTRODUCTION

Tnis mecorandux was prepared to acquaint
the U.S. defense netals community with the exis-
tence and basic properties of a relatively new
group of 12 titanium alloys. Most of these ai-
loys were designed principally 2s bar or forging
alioys to serve at moderately high temperatures,
i.e., frox 600 to 1200 F, and zost can be considar-
ed as alloys of the "super™ alpha class. These
include three cozpositions that were developed
in the United States and nine thas were developed
in the United Kingdos.

Fer reader convenience, the first section
of this mezorandun identifies and coapares the
physical properties of these alloys as well 1s
their rooa- and elevated-texperature tensile and
cTeep properties for a selected condition of heat
treatsent. Succeeding sections of this neoorandua
are devoted to each of the ailoys individually.
These sections contain a brief description of each
alloy's forging characteristics, recommended heat
treatments, and additional cechanical-preperty
data, usually for severz! conditions of heat
treatnent.

PROPERTY CCMPARISICNS

Cosposition

Table 1 lists the produccrs and cozposi-
tions of 12 alloys described in this memorandux.
As indicated, three of these alloys were developed
and/or are being produced in the United States by
the Titaniua Metals Corporation cf Anerica {TMCAY
znd/or Reactive Mctals Iacorporated (RMI). The
ninc rendining alloys were developed in the United
Xingdea by the Izperial Mctal Industries Lim:ted
(IMI' or by Jessop-Saville Lisited fJesscp). The
IMI Alloy 675 is also produced in the United
States by TMCA urder licensc froz IMI.

A. K. Hodge, now retired, served as Fellom
in the Nonferrous Metallurgy Division at
Battclle Mecorial Institute, Columbus, (hie.
D. J. Maykuth currently serves as Associate
Chief 1n this saze division.

At the time this merorandum was being pre-
parad, word was received(i) that, as of early Noven-
ber, 1967, IMi had purchased all of Jessop's ti-
taniuz patents and titanium interests and that
Jessop, accordingly, was discontinuing production of
its liylite series of titanium ailoys. Of the vari-
ous Hylite alloys that had been produced, DMIC also
understands that IMI presently only intends to con-
tinue production of the Hylite 50 and S1 compositions
under the designations of IMI 550 and 551, respec-
tiveiy. Nonetheless, DMIC has retained property
datz for the Hylites 55, 60, and 65 alloys in this
zmenorandus in th belief that an appreciable inven-
tory of these alloys still exists and the possibil-
Pey ohqe vrod - £ ... c¢iloys may be renewed
at a later date.

As note:z ia the intreduction, most of these
alloys were developed for service at temperatures
sbove 600 F. Accordingly, all of these contain
substantial quantities of aluminum (which stabilizes
the alpha allotrope of titanium to temperatures
above 1620 F) and tin and/or zirconiun (which are
essentially neutral with respect to altering the
tezperature of the allotropic medification). In-
deed, two of ‘hese alloys {Ti-5-5-5 and 7i-7-12)
usc these coztinations of alloying additijons alone.
Because of their lack of beta-stabilizing alloying
additicns, neither of these alloys is heat treat-
able, and both are characterized by excellent ther-
Bal stsbility and weldability.

Yost of the recaining 10 alloys also con-
tain a small quantity (1 to ¢ percent) of =olydb-
denun, which acts to stabilize the beta allotrope
of titaniuz. This results in the forzation of a
s=all quantity of the beta phase as a normal micro-
structural censtituent in these alloys over their
service-tezperature range. It 21so0 makes these
alloys asenable to property changes through solution
and aping heat treatments. Because their tota! beta-
stabilizer zontent is small — ospecirally iu propor-
tion to their combined alumnum, t:n, and circoniuz
ccnteat — these alloys are regarded as “near-alpha”
or “super-alpha™ alloys.

The twe cariier Jessop allovs {Hylite 50 and
Si, nox designated as Il 550 and 551, respectively’
are excepiions to the above nezr-alpha or super-
3lpha alloy classification. Because of their pro-
portionately higher beta-stabilizing allov content,
these twe alloys are appreciably oore responsive
to heat treatment than the others and can be re-
garded as rcughiy equivalent to the Ti-6A1-2V alloy
in this regard. Accordinglv, the I¥I-350 and 551
aiioys show a iesser degres of thermal stability
than the super-alpha allovs.

Dne further distinguishing characteristic
of the British developed alloys is that all of these
contain froz 0.2 to 0.5 percent of silicon. Aaccord-
ing to an IM] spokcsaan(:‘. the pripcipal function
of the silicon addition 1s to ipprove the hot
strength of titan:uz bv solid-sclution strengthenming.

Fhvsical Properties

Tatse 2 summarizes the availablic data on
density, coefficient = thema” expansivn, clectri-
cal resistivity, and thermal conductivity of the
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alloys listed in Tebie 1. For purpases of further
comparisons, Table 2 also includes these dats for
the Ti-6A1-4V, Ti-5A1-2.5Sa, and Ti-8Al-, WV
alloys, which zre the alloys in greatest us.<ge in
the United Stctes today.

Mechanical Properties

This section contains selected mechanical-
sroperty dats for the 12 slloys of Table i as
well g¢ for the three leading U. S. produced al-
ioys, 1.e., Ti-6AI-4V, Ti-S5A1-2.5Sn, and Ti-8Al-
IMo-1V. In order to afford as direct a property
cozparison as possible, an effort was made in the
compilation of these date to seek values cbtained
froa bar steck and/or forgings of equivalent size.
Also, in most cases, a single heat-treatment con-
dition corresponding tec the manufacturer's recca-
aendation was used. For Ti-6A1-4V alloy. property
data ars only given for the mill-annealed corn-
dition.

Tensile

Table 3 presents a suzzary of the rcoa-
texperature tensile properties for all of the alloys
under consideraticn. Except for the Ti-7-12 data,
which were obtained froa forgings, all of these
data were obtainsd on bar stock. Sizes of the bar
stock and the heat treatments used are given in
the footnotes. Figurcs 1-4 compare the tensile
properties of taese alleys at texperatures to 1309 F.

Creep

The data on creep properties are incocplete,
and in general, data froa different laboratories
are not directly comparable. Figure 5 shows a
Larsen-Miller plot for 0.2 percent creep defor-
mation of Ti-5A1-25n-4Zr-2Mo, compared to several
other Arerican alloys and the Ti-679 alloy. Al:
of the spacirens were taken from compressor-wheel
forgings.

Strictly cosparzble data for the three IMI
2lloys cculd not be located. Figure 6 shows scze
creep data for the threc alloys. Whether these
alloys were in bar forn or from forgings when
tested was not specified, Moreover, while the
data points for Alloys $80 and EX 679 are cozpar-
able, those for Alloy 684 are not.

The three Jeessop Hylite alloys are com-
pared to each other and to IMI €79 and Ti-8Al1-4V
in Figure 7. These da2ta ars for dar Stock and
appear to be strictly cozparable.

Finally, another tensile creep co=pzrison
of seven alloys (including Ti-6Al-4V, Ti-7Al-4Mo,
Ti-8A1-1Mo-1V, Ti-€Al1-25a-42r-2Mo, Ti-5A1-55a-SZr,
IMI 679, and Hylite €0) was made by Coyne and
Sparks{3). As shown in Figure 8,the workers
comzented that of the alloys in this grouping, 'the
cospositions which appear to have the bezst ceskin-
ation o«f tensile strengih, creep resistance, and
creep stability are the Ti-6A1-23n-42r-2Mo and
Hyiite 60. 2oth of these alloys were stable up to
1000 F for the stresses and tines investigated.
The Ti-S5A1-58n-52r alloy also showed excellent

reep resistance and creep stability; however, the
tensile strength of this alloy was significantly
lower than those of the other alloys.

INDIVINAL ALLOY PROFERTIES

Ti-641-2Sn-4Zr-2Mo

The alloy Ti-5A1-2Sn--4Zr-2Mo is produced by

TMCA, and cnly data suppiied by TMCA in References

3 and 15 are quoted here. The forging char-
acteristics of the slloy are rsted "fzir to good"
in its forging range of 1675 to 1775 F by Wyman-
Gordon engineers.(4) A cozpressor-wheel forging
29.0 in. in dismeter, weighing 60 pounds, with a
2-1/2-in. rim snd 2 3/4-in. web has been described
by then.

Recoemended Heat Trzatments

Heat treatzents recomsended by THA (3} for
bar and forged sections of alloy Ti-6A1-2Sn-4Zr-2Mo
are:

Sections iess than 2-1/2-in. diam --1750 F/1
hr, AC + 1105 F/8 hr, AC

Sections grezter than 2-1/2-in. diam --1650
F/1 hr, AC + 1100 F/8 hr, AC, or 1750 F/1 hr,
AC + 1100 F/8 hr, AC.

The manufacturer states: "The 163C F solution
treatrment, in coxbination with an 1100 F, 8 hr
stsbilization anneal, prarides somewhat higher
tensile strengths at rocm and elevated temperatures,
while 1750 F soiutior trestment with the same low
texperzture stabilization anneal results in superior
creep resistance at the higher tesperatures, im-
proved stability, and soaewhat higher room-
texperature rotched-stress-rupture strength."

Tensile Properties

The ultizate tensile strength, 0.2 percent
offset yield strength, and elongaticn of specimens
tzken from a forged cosmpressor wheel are shown in
Figure 9. Data on this curve from Reference 3
appear nearly identical with those in & table in
Reference 15. Reference i5 shows that there is
very little difference in the properties of a speci-
men taken on a bar whese axis parallels the forging
axis and cne whose axis is in a radial direction
in the forging, except for data points on reduction
of area at 800 F. Reduction-of-area data and roos-
tesperature notched-stress-rupture data frea
Reference 15 are quoted cn the next page. Heat
treatzent of this forging was the sa=e as for that
shown in Figure 9. The producer guarantees that
this alloy will exceed a 170-ksi S-hcur roos-
temperature notched-stress-rupture requireaent.

Sizilar data froa Reference 15 illustrate
the higher strengths obtainable with another heat
treatment: 1750 F/1 hr, water quench, + 3100 F/

& hr, air cool. After this treatment, the Toom-
tezperature tensile and yield strengths were,
respectively, 167.5 and 151.2 ksi with 11 percent
elongation, while the comparzble data at 1003 F
were 113.9 ksi, 89.3 ksi, and 22.3 perzeat. Again,
there was littie difference between specicens frea
either direction in the forging. Tne faster cooling
{quenchingj increased the tensile strength, but

is said to decrease the creep resistance.

Creep Strength

A lLarsen-Miller plot of crecp data for this
alloy with both of the abuve recom=mendsd heat
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Roon-Texp
Notched-Stress-
Test Rupture (K¢=4.0)
Texp., (a) RA. Propertie
F Direction percent Stress, ksi Hours
Roon A 38.2 iso 3.3
R 31.9 190 2
8090 A 34.0
R 57.2
1900 A 64.5
R 63.1
1100 A 63.2
64.4

(a) A designates testing on bars whose axes par-
allel the forging axis;
R designates bers whose axes are radisl
directions in the forging.

treatzents is shown in Figure 10. Typical creep
curves 2re shown in Figure 11.

Elastic Modulus
The tensile modulus of elasticity freo
room tesperature to 1000 F, as deterzined on an

experizental lot processed to 1/2-in. bar, is
shown in Figure 12.

Ti-6A1-25n-4Zr- 240-Si

Modigication of the basic Ti-6A1-25n-42r-2Mo0
conposition by silicon additions is being coasidered
by TMCA as_a means of izproving this allecy's hot
strength.(zs) ¥hile neither the silicon level nor
heat treatments have yet been optimized, limited
data (sece Figure 13) indicate that & significant
gain in creep strength of this 2l1loy can be
effected by silicon additions on the order of 0.15
to 0.25 percent. Tables ¢ and 5 present soxe
tensile and creep properties of the alloy modifi-
cations under study by TMCA and also illustrate the
effects of various forging and heat treatments on
these properties.

Ti-5A1-55n-5Zr

The forging characteristics of Ti-5-53-5 have
been rated as "peor to fair" over the range of 1700
t0 1809 F.(4) Onc such forgirg, 31.5 in. in
diancter, weighing 662 pounds, with a mzximm
section size of 13 in. in the coupling and a
ninimm of 1 in. in the web, has been described in
the literature.{%)

The alloy is of interest fer its high crecp
strength and stability at elevated te=peratures.
The Aerospace Structural Materials Handbook{20)
states: “Asong the super-alpha titanium alloys
under current (Dec. 1963) evaluation, it is by
far the most stable, its limit of stability under
stress being, for example, 1100 F (the max:imu=
tezperature studied to date), wheresas the
Ti-8A1-1Mo-1V shews stability to 950 F.”

The saze source 2lso notes that while the
Ti-5-5-5 (sheet) alloy is not as strong in tension
tests as the Ti-8-1-1 alloy cver the entire tea-
perature range to 1100 F, the former is comsiderablv

strongeY in creep. '“For example, the stress re-
quired to produce 0.2 percent creep in 100 hours at
950 F for the duplex-annsaled Ti-8Al-1Mo-1. alloy

is 31 xsi, whercas for the 2il! annealed Ti-S5A!-5Sn-
SZr alluy, the stress is 51 ksi."”

Recormended Heat Treatments

Either a sizple single anneal cycle or a
duplex anneal is recommended for the Ti-5-5-5 alloy. .
For forgings, these are (a} 1650 F/4 hr, AC, ar
(b) 1750 F/1 hr, AC + 1300 ¥/8 hr, AC. The first
pruvduces the highest craep strength; the second
gives sozewhat higher short-tice tensile properties
between 600 and 800 F, but reduced creep properties.
The duplex treatment alsc tends to produce 3 higher
rupture strengzh. {18}

Tensile Properties

Tensile properties of compressor-wheel
forgings of Ti-5-5-5 alloy after each of the sbove
recoznended heat treatments are shown in Figures
14 and 1S. The data appear to represent average
strengths of rin and web sections, all taken in
radial directions.

Unnotched -and notched -stress-rupture data
of co=prassor-wheel forgzings from the same heat are
shown in Tables 6 and 7.

Creep Strength

Creep datz for the Ti-5-5-5 alloy with two
different conditions of heat treatment werc deter-
nined at 850, 950, and 1050 F.{!6) S:ress-versus-
tice curves froa these data were established and
are given in Figurcs 1% and 17.

Elastic Modulus

Data for z=odulus deterainations on bar of
the Ti-5-5-5 alloy are shown in Figure 13.

Ti-7A)-120r

Covne and Sparks,(2) and Greenlee and
3roadwel1(16) have reperted fairlv extensive tests
on forgings cf this alloy. Coync and Sparks rated
the ferging characteristics of the Ti1-7-12 alloy
as "fair to good™ 1in 1ts forging range of 1700 to
1800 F. A compressor-wheel forging was reported
to have a wheel diameter of 31.5 1n., a weight of
668 pounds, and maximum and min:sun section sises
of 13 in. in the ccupling and ! 1n. tr the wcb,
respectively. (3]

Reccsmended Heat Trearxzents

Twe heat treatzents have bren suggested for
the T31-7-12 allov a3 simple annesl, i600 #/$ hr,
AC; and a duplex anneal, 1750 F | hr, AC » 1300
F/8 hr, AC. 1in gereral. the propertics of the allov
after cather of these treatsents =erc siarlar, but
the duplex 1700 F-1300 F anneal provided a sl:ght
rupture-strength advertage over the <ieple 1¢06 F
anneal. (%]

“easile Propertics

The <hort-tinc cicvated-temperature tensile
properties of specizens tihen froz a Ji1-1-2 x 1-1/2-
inch compressor-sheel furgings after cach of the
recom=ended heat treat2ents are shoan an Figures
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19 and 20. The zpecizens from which the data were
obtained were taken from both radial and tangential
sectinns i the rim and high-coupling areas and the
junction of coupling and wheel mid-radius, and in

a few instances ‘rom the srall-coupling area of

the forging. These data were found to be in ex-
cellent zgreement with similar data froa Reacti.e
Metals(29) for the Ti-7A1-12Zr alloy.

Creep Strength and Theramal Stability

Stress-rupture data fromz Reference 16 are
shewn in Table 8. The advantage cf the duplex
anneal in icproving stress-rupture properties is
evident from these data. However, the Larsen-Miller
paraneter-versus-stress curves for creep, given
in Figures 21 and 22 indicate that only a slight
advantage is gained in creep properties of Ti-7-12
alloy by the use¢ of ‘he duplex anneal.

Results of creep tests on specimens frca a
cozpressor-wheel forging at another laboratory are
shown in Figure 23.

Table 8, indicates that exposures tc
elevated temperatures under stress have littla
effect on the subsequent strength at rooa tem-
peraturc, but that the ductility may be reduced.

1M1 679
(Ti-2.25A1-115n-52r- 1M0-0, 253 )

As noted earlier, this alloy was originally
developed by Imperizl Metal Industries Limited at
its Kynoch Works in Birmingham, England and is also
produced in the United States by TMCA, who holds a
licensz from tne British Company. Wyman-Gordon has
noted that the alloy has good forgeability.(24)

Pecommended Heat Treatments

The 672 alloy may be solution treated froa
a range of temperaturcs between 1550 and 1675 F.
As a 1700 F solution temperature is approached,
ductility valucs are lowered 3s illustrated by the
dara of Table 10. The effect of cocling rate frem
the solution temperature is particularly important
for this alioy, with fast cooling (as by water
quenching) being favored to obtain the largest
strength increases (sce Tables 11 and 12). Con-
sidering these points, a preferred solution treat-
zent of 1650 F has been recozzended(17) with holding
tines to 1 hour for larger sactions. Teraination
of the snlution ireatment by water quenching is
recomzended if i1igh tensile strength is the re-
quired critericn. If improved tensile ductility
and elevated-temperature creep strength are the
requireaents, air cooling from the solution tem-
perature pay be desirable. The latest (August 3,
1956) information received from IMI {Reference 25)
states that, "Nowadays, the U.K. industry uses ma-
terial of substantial scctien in the solution
treated, oil quenched, and aged condition with a
consequent improvement in strength ievels.”

The recomaended aging treatment is 24 hours
at 930 F followed by air cooling.

Tensile Properties

The tensile properties of forgings cf IMI
673 alloy, as reported fros four independent scurces,
are shown in Figure 24. The differences reported
are aot great, although very large forgings have
lomer strengths than szaller ones. (2%

Hyman-cordon(zé) found IMI 679 zlloy stcck
from either TMCA or IMI identical in forgeability,
and also fou:d that the properties of the forgings
were practically identical. The tensile properties
of compressor-wheel forgings from both sources are
shown in Table 13.

Lockheed(26) tested specimens cut from a
modified F-104 aft fusclage ring fitting. They
feund cnly minor variations in tensile properties
with grain direction or location. “The IMI alloy
was exceptionally uniforn and exhibited a mininun
range in tensile properties... Values of elongation
and reduction of area were very high at all loca-
tions and test temperatures in the...forgings. The
lowest values measured at rocom tesperature were...
10.5 percent elongation and 30 percent reduction
of area..."”

Notched-tensile properties of IMi 679 forg-
ings at roon temperature are shown in Table 14. Al-
though the theoretical stress-concentration factor
(¥} is not the saze in the two types of forgings,
the differences in notched strengths are so great
that it appears that the oil quench following solu-
tion heat treatsent and the processing in the iirst
group must have had a beneficial effect on notched
tensile strength.

Results of notch-time-fracture tests by
¥yman-Gordon are shown in Table 15.(24) Mest of
the same data, with a slightly d:fferent arrangezent,
are included in Reference 17.

Creep Strength and Thermal Stability

Table 16 gives creep data on Alloy 679
cozpressor forgings fream various sources, and
Figure 25 shows a Larsen-Miller plat for the same
naterial, based on results obtained by TMCA.(17)
Stress-rupture strengths from TMCA and the General
Electric Company are given in Table 17 and Figure
26, respectively.

The stability of 679 alloy hecat treated
in the form of jet-engine compressor wheels has
been found to be good at least up to temperatures
of 900 F as shown by the data given in Table 18.
Instability for this alloy has been found at 950 F
and 1600 F exposures in 100 Lours or less. Since
the greatest variation in stability appeared at
950 F, this appears to be the threshold temperature
for instability. Results of tests at 300 F ex-
posure temperature indicated no instability for
times up to 109¢ hours.

Elastic Modulus

The variation of clastic modulus with
tecperature of IM! 678, as reported by IMI, is
shown in Figure 27. Detrerminations of modulus at
roca tezperature as rcported by other laborutories
are listed below:

‘wiulas
Tension, Cosproccian,

for reat Treatment 10¢ pna Hodk el Reference
Dl tan 1630 € 1 he, a e 13”7 13

bar <toct 9708 I3 hr, A 5 -- 18

. - fa
‘erging el b 1 oar, fan 12?2 HS | N
o0l ~ 937 v ¢

ar, W

13 \Values o ftained with Tachersa= gage
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IMI 680

(Ti-2.23A1-11Sn-4M0-0.25i)

Titaniuz IMI Alloy 680 is a heat-treatable
forging alloy of the alpha-beta type for which
three outstanding properties are claimed:(7)

(a) Very high strength at room temperature
--185-195 ksi typical tensile
strength

(b) Excellent depth hardenability--
specificatinn properties can be
developed throughout sections up to
8 inches tuick

{c) Good creep properties up to 858 F.
The alloy shows less than 0.1 percent
total plastic strain in 100 hours at
750 F under a stress of 80 ksi.

The alloy is not considered to be weidable.

The manufacturer clains that IMI Alloy 680
is suitable for airframe structural forgings such
as vndercarriage conponents, engine mouatings,
wing-slat tracks, wing-attachment brackets, and
numerous other comperents. It may alsc be used in
other applications, such as turbine or compressor
disks and blades where combinations of high-,
roozn-, and elevated-temperature tensile strengths
with creep resistances up to 750 F are required.

Billets for forging are available up to
12 inches in diameter. Bars for machining, either
round or rectangular, that have been forged and
heat treated are 2lso available. However, this
2aterial required at least a 3:1 reduction at the
Tecozmended forging temperature to achieve the
minimm guaranteed properties.(7) The manufacturer
states that it is necessary to forge IMI 680 in
the alpho-plus-beta ficld and recocmends a pre-
heating temperaturc of 1600 F. The resistance to
deformation liss between that of IMI 679 and
Ti-6A1-4V at their respective forging tecperatures.
A minioum of 75 percent reduction in the alpha-
plus-beta field is required to achieve good duc-
tiiity in the forging. Heating above the recom-
cended forging temperature, particularly during the

later stages of forging. leads to lower property
evels. (7

Recomzended licat Treatments

The recomsended heat treatments for IMI 68C
depend on section sizc and strength level desired.
At strength levels sbove 216 ksi in rod and 200 ksi
in large forgings, the ductility suffers. The
recomzended heat treatsents were designed to give
a mean tensile strength of 185-195 ksi for piecces
up to 4 irches in diameter, and a m=can tensile
strength of 131-18€ ksi at the center of larger
billets. The recommended hezat treatments for
forgings (which differ somcxnat from those for
bars) are shown in Table 19.(7)

Normally, the aging treatmeat, 24 hours at
930 F, is carried out before machining operations.
Therefore, it is recommended that the forgings be
processed as shown below to remove majer defects
that might act as stress raisers and causc crack-
ing during rapid cooling. 1f machining is carried
out tefore the soluticn heat trcatzent, Steps (3)
and (b, aay be oritted.

Before solution heat treatzent, the forging
should be:

(a) Shot blasted 20 remove oxide scale and
pickled to reveal any forging defects

(b) Surface dressed locally to grind out
defects that would act as stress
raisers during cooling

then, {c) Solution heat treated and coolad

(d) Aged

(e) Sho: blasted and pickled 2gain to
facilitate final inspection.

A stress-relief treatment, 2-4 hours at
950 F, is recozmended for machined components
during final machining or grinding, preferably when
the part is as near to final size as possible.(7)

Tensile Properties

Typical room-tenperaturc cechanical pro-
perties of IMI 680 in various finished sizes are
shown in Table 20. The effect of temperaturc on
a fully heat-treated specimen (size and heat treat-
ment not stated) is shown in Table 2). Tables 22
and 23 show the results of tests on forgings for
production. The compressor dick of Table 22 was
13 inches in diameter with a l-inch-thick web.
Evaluation of the steering-arm forging (15 inches
tong x 6 inches wide) was carried out 1n a French
laboratory.

Table 24 shows the effect of the notch
concentration factor on the notched-tensile strength
to tensile strength ratio of IMI 680 rod heat
treated 1470 F/1 hr, WQ + 930 F/234 hr, AC. The
tensile strength of the rod was 191.1 ksi.

The relation between the notched and un-
notchked strengths of IMI 680 after various solution
treatments is given in Table 25. [Increased
tensile strengths were produced by increasing the
solution-heat-trcataent temperature. Heat treat-
nent was carried cut cen 1/2-inch-square coupoas
cut from 3:1 upsct-forgaed transverse slices from
S-inch-diameter billet. Tne coupons were water
quenched from the solution-icat-treatment ten-
perature 2ad aged for 23 hours at 930 F ard air
cooled.

Creep Strength and Thermal Stability
D eng ¥

The creep strength of fuliy heat treated
IMI €80 up to 930 F 1s given in Table 26.

Exposure of IMI 680 specimens stressed at
34 }s1 for 300 hours and 22 k<1 for 1000 hours had
no apparent cffoct on subscquent Toom-tempersture
strength or ductilrty.

klastic Modulus

The cffect of temperature on the elastic
rnoduius of IVl 680 1< shown in Figure 28. The
cune shows 2 decided 2nflection point at ahout
256 F.
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IMI_EX 684
(Ti-6A1-52r-1w-0.2Si)
All of the available information on IMI EX
684 comes from ? single bulletin issued by the
manufacturer. (8} Presunably, the EX in the identi-
fication number indicates that the alloy was still
cunsidered experimental when the bulletin was
issued (March 21, 1965). Provisionsl specifica-
tions, converted to units customarily used in the
United States,are:
0.1 percent proof stress (min) 125.4 ksi
Tensile strength at 68 F (nin) 143.4 ksi
Tensile strength at 970 F (min) 89.6 ksi
Elengation on 4 ,/area (min) 8 percent
Reduction in area (min) 15 percent
Notched-tensile strength (K¢=3) 1.35 x tensile
strength
Creep strength Not more than
0.1 percent to-
tal plastic
strain in 100
hr at 970 F
under stress of
44.8 ksi.

The optimum recocmended forging tempera-
tures for IMI EX 684 are:

1920 F
1795 F.

For heavy reductions
For slight reductions

"IMI EX 684 has an unusually wide forging-temperature
range and can ba forged in both the alpha + beta and
the beta fields, i.e., fro» a preheating temperaturs
in the range 1795 to 1920 F. .. .The lower tempera-
ture should be employed when only small reducticns
can be achieved. It is recomzended that forging be
discontinued when the temperature has fallen to

1650 F."(8)

Reconaended Heat Treatment

The recomzended heat treatment for IMI EX
684 consists of solution treatment at 19iS F for
1 hour per inch of cross section, and cooling 1n
a2ir (thin sections) or oil, foilcowed by aging for
24 hours at 930 F, and air cooling.

Tensile Properties

Typical rooe-temperature tensile and
nctched-tensile properties of iarge ferged com-
pressor disks are shewn in Table 27. The tadle
also shows tensile properties at 970 F, ac well as
100-hour creep strain at that temperaturc. There
is little differencc in tensile properties between
the disk forged at 1920 F and the one at 1809 F,
but the creep strain is definitely lower on the
iatter. Similar tensilec data froa two smaller
disks are shown in Tables 28 and 29.

Crcep Strength and Thermal Stabil:ty

Aloost all of the available creep data en
IMI EX 684 are skown in Tables 27 and 29. A few
additional data, corrasponding to the tensile data
in Table 28, are shown in Table 30.

The effects of exposurce time at 975 F on the
rooa-temperaturc tensile properties of this alloy
are given in Table 31. Thesc data indicate tha:

some loss of tensile ductility occurs after ex-
posure times of 300 hours.

Elastic Modulus
The dynamic modulus of IMI EX 684 is shown
as a function of tempercture in Figure 29.
IMI EX 700

(Ti-6A1-5Zr-4M4o-1Cu-0.2Si)

This alloy was first introduced(9) with the
nominal composition of Ti-6A1-5Zr-3Mo-1Cu~0.25i as
a bar and forging alloy for service principally in
aircraft gas turbine applications at temperatures
to 800 F. Subsequently, it was found that this
3 percent molybdenum version "lacked depth harden-
abiiity” and its strength "was very dependent on
scction size at heat treatment"(lgg. Consequently,
the alioy was improved to 2 potentially stronger
cozposition by increasing its nominal molybdenum
content to 4 percent and adjusting forging and
heat treatment schedules correspondingly.

Forging of the revised IMI EX 700 com-
position is recomuended through at least a 4:1
reduczion at 1650 F. Forging should be discontinued
when the temperature falls below abou: 1479 F. (18

Recomnerded Heat Treatment

The recocmended solution temperature is
1520 F or 1560 F according to section thickness
of the part as follows:

Section Thickness, inches Solution Tepperature, F

Up t¢ 1.25, inch.
1.25 to 2.0, inch.

1520
1560

The solution treataent tize should be not less than
1 hour for each inch of section thickness and this
treatment should be terminated by oil quenching.
Aging should consist of a 24 hour soak at 939 F
follewed by air ccoling.

"There is sonec evidence that on occasions
the ductility and notched-tensile strength of
material heat treated at 1520-1560 F are iow. It
has bezen fcund that an extra 4 hours at solution
heat treatnent temperature can improve both (see
Table 323."(18) Aceordingly, the 5 hour solution
treatment time is suggested if poor ductility and
low notched-tensile properties are encountered.

Tensile Properties

The available tensile property data on
revised IMI EX 700 ailoy cozposition are given
in Table 33.

IMI 550; HYLITE SO

(Ti-4A1-2Sn-4M0-0.55i)

As noted carlier, the Hylite S0 alloy is an
alpha-beta alloy that was developed originally by
Jessop as a compressor disk or blade material aad
is now being produced by IMI. The alloy has also
found applicaticn in structural components.
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Recormended Heat Treatment

The effects of secticn size and cooling
rates on room-temperature strength and elongation
of Hylite 50 bar stock are shown in Table 34. The
recommended heat treatment for Hylite 50 is to hold
the alloy at 1650 F for 1 hour per inch of section
thickness, followed by air cooling and then age
for 24 hours at 930 F.(29) ¢hi1d(2}) notes that
controlled slow cooling (10 F per second, maximun,
over the criticai range 1650 tc 950 F) is essen-
tial for small forgings (co=pressor blades) to
naintaia sufficisnt bend ductility.

Tensile Properties

The effects of temperature on tensile
properties of Hylite 50 bar stock were shown in
Figures 3 and 4. Additional data on the tensile
properties of Hylite 50 forgings are given in Table
3.

Creep Strength

Table 36 shcws the stress required to

veduce 0.1 percent plastic strain, and that re-
quired to produce rupture, at selected times and
temperatures, in forged bar msterial. The paterial
was in the solution-treated and aged condition.
Chi1d(21) gave the stress required to produce 0.2
perceat strain in 300 hours as 100 psi at 700 F
and 24 ksi at 900 F.

Elastic Modulus
The modulus of elasticity in tenmsion of

Hylite 50 over the temperature range from rooz
temperature to 1100 F is shown in Figure 30.

IMI 551: HYLITE S1

Ti-4A1-4Sn-4M0-0.55i)

The titarium ailoy Hylite 5@ is a modifi-
cation of the alloy Hylite 50, designed to have
higher strength thin the older ailoy with siailar
creep properties. This was accomplished by in-
creasing the tin content of the alloy from 2 per-
cent to 4 percent. It is reconzended for aircraft
structural conponents and other highly stressed
applications. As discussed earlier, this alloy is
now available cnly from IM! under the designation
IM7 551.

Recomaended Heat Treatment

The recocmended heat treatmer: for Hylite
51 is to 2nneal at 1650 F for 1 hour per inch of
cross section, folloxed by cooling in air or oil
(usually air), and 2ge 2¢ hours at 930 F.(29)
Bars, forgings, etc., are normally supplisd in the
heat-treated condition.

Tensile Properties

Tyvpical tensile properties of Hyvlite 51 bar
stocl at various temperatures, and of a 3-inch-
square billet at room tesperature, arc shown in
Tables 37 and 38. The source notes that there is
little difference between longitudinal and trans-
verse properties on a 3-inch-square billet.

The tensile strength developed in samnles
from a 250-pound aircraft structural forging,
heat treated after mackining, 1s shown in Table
39. This piecs was annealed for 3 hours at 1650 F,
&ir cooled, and aged at 930 F for 24 hours. The
Vickers hardness after heat treatment was 308 to
404 ir the center and 411 to 425 near the edge.

Creep Strenpth

Table 40 shows the stress required to pro-
duce 0.1 percent plastic strain at various times
and two temperatures.

Elastic Modulus

The tension modulus of Mylite 51 is showm
in Figure 31 for two conditions. Water quenching
after annealing and before aging increases the
zodulus about 1,000,000 osi over 2ir cooling at
the same stage in the heat treatment.

HYLITE 55

(Ti-3A1-5Sn-52r-0.551)

Hylite 55 is descrivediil) as an alloy
"suitable for blading and compressor disc material
for high duty conditions,” being superior in creep
strenygth to Hvlite 50 above 660 F.

Recommended Heat Trea‘aent

Bars, rough-machined discs, andé forgings
arc supplied in the fuily-heat-treated condition
which consists of normalizing at 1830 F and aging
for 24 hours at 930 F.(11)

Tensile Properties

Typical tensile properties obtained on bar
stock of this allov, with an average loading rate
of 4,480 psi, ar: given 1n Figure 32.

Creep and Rupture Strength

The available creep and stress- rupture

strength data for Hylite 35 par stock are summar-
ized in Table 41.

Elasti¢ Modulus

Table 42 gives Young's tensile modulus
value, of tivlite 55 from 70 to 129C F

IYLITE 60

(T1-3A1-65n-52r 2\o0-0_553)

The Hylite 60 alloy 1s recomme.ded for
compressor disk< and other highly stressed conm-
ponents for use at temperatures up to 95U F.  The
alloy is weldakle and Covne and Sparis{®) have
rated tae forgeabilitv of this alley over the
forging range 1650 tc 1750 F as "fair to good™.

Recomnended Heat Treatnent

The recommended heat treatment fer the
fryitte 60 aliov 1s to anncal at 1830 F for | hour
per tnch of cress sectron, air cool, and age J4
hours at 1020 F, air coel. Bars, biliets, and

Sen




forgings are nornalls supplied in the heat-
treated conditior, (10)

Tersile Properties

Typical short-tize 0.20 percent yield
stress, ultirate tensjle strength, elongation,
and reduction of area of Hylite 60, bar stock
froz roon temperature to 1300 F, are shown in
Figure 3X. The average rate of loading in ob-
taining these data was 4480 psi per minute.

Wyman-Gordon forged a 10.0-inch-diarzeter
cozpressor wheel of this alloy weighing 35
pounds, having a maximun section size of 2 inches
in the hub and a sinuwmuz of 3/4 inch in the
web. (3)  Typical tensile properties froa this
forging are given in Table 43.

Creep Strength and Thermal Stability

Jessop-Saville recently (March, 196¢6)
published the creep property data given in Table
4. The result: of 500-hour cresp tests are
sunarized 1k Table 45. The specizens for these
tests were taken from 5/8-inch-diazmeter dar,
swaged frox }.7-inch-diazeter rolled rods.

Coyne and Sparks(4j have given the "typi-
cal stress-rupture value” for heat-treatad*Hylite
60 unger 2 70-ksi load at 1000 F to be 255 hours.

These saze workers ‘%) repcrted the pest
creep tensile resulis given in Table 4¢, afier
exposures of 150 hours. Exc. ¢ &t 1020 F, there
w3s no loss in ductility, while the strength in-
creasad in zll cases.

Elastic Modulus
The tensile modulus of Hyilite 6C at

tecperatures froz 7C to 1290 F is shown in
Figure 34.

* 183G F/1 hr, AC « 1020 F/2% hr, AC.

HYLITE 65
{Ti-3A1-5.55n-5.52r-0Q.5M0-0,5S3)

The titanium z]lloy Hylite 65 is 8 new modi-
ficaticn of Hylite 50. The alloy has been de-
scribed as "a weldable medium-strength alloy with
excellent resistance to creep,and developed for
service at temperatures up to 1000 F. It is in-
tended for use in advanced jet engine coxpressor
cozponents such as discs, spacers and blades, and
other appli:ations where Ligh-teaperature-creep
strength and weldability are required.”

Recozuended Heat Treatsent

The recozmended hest treatzent for Hylite
65 is the sane as that for Hylite 60: 1830 F for
1 hour per inch of cross section, 2ir cool, age
24 hours at 1020 F, air cool.

Tensile Properties

The mechanical properties of HPylite 65 are
shoxn in Table 47 in the tesperature range frea
70 to 1290 F. In general, they aopezr 0 be

sinilar to those of Hylite 60 --slightly lower over
nost of the texperature range but higher zt the
highest tempcratures.

Creep Strength and Therzal Stability

Creep properties of Hylite 65 determined
froa tests on l-inch-diameter bar are shown in
Table 48. Linited tests are said to have shomn
no evidence of serious thermz2i instability. i0)

Th: tensile modulus of Hylite 65 is
shown in Figure 35.
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TABLE 1. NOMINAL COAPOSITIONS OF TITANIUM ALLOYS

Noainal Alloy Content, percent by weight

Producer fdentification Al Sn z: Mo Cu Si W
T™MCA, RMI  T§-6-2-4-2 6 2 4 2
TMCA Ti-3-5-5 5 S S
T™™CA Ti-7-12 7 12
IMI, T™CA 679 2.25 11 5 1 0.2
H 1 680 2.25 11 4 0.2
NI EX $84 6 5 0.2 1
IE!(a) EX 700 6 S 4 1 0.2
IHI{a) IMI 550 Hylite 50 4 2 4 0.5
ivi* IMI 351 Hylite 51 4 4 4 0.5
(3) Hylite 55 3 5 S 0.5
(2) Hylite 46 3 6 5 2 0.5
(a) ftylite €5 3 5.5 S.5 0.5 0.5

{a} These 2iloys were developed and forserly preduced by Jesscp-3avilie fiaited
who recantly sold all of their titanium interests to Izperial Metal In-
dustries, Lizited (IHI); Sec text.

TABLE 2. SELECTED PHYSICAL PROPERTIES OF TITANIUM ALLOYS

[ YR

Ak

Density Coefficient Elegtr?ca] Ther:;l
- ¢ 3 of txpansion, Resistivity, Condugtivity,

Alloy g/c=° 1b/in. 10" in./in./F sicroam-cm  3tu/ft/kr/F/in.  Reference
Ti-6-2-4-2 4.54 0.164 1.58 500tol000 F -- -- 3
Ti-5-8-5 4.60 0.16% -- -- S5e 120 F, SCe 1GOC F <£,5
Ti-7-12 4.56 0.165 -- .- -- 4
IMI 675 3.84 0.175 4.95@ 122to30D F 1658 100 F 45¢ 32 F, 822 800 F ]
iMI 680 4,84 0.175 5.12 70 to S70 F 165.52 32 F 492 76 F, 883 800 F 7
IMI EX 634(3)4.45 0.182 5.58 70 tc 1110 F - -- -}
IMI EX 700°°74.54 0.164 5.68% 70 to 932 F -~ -- S
Hylite 50 4.60 O0.166 5.62 70 to 1110 F ~- 558 120 F, 812 750 F 11
Hylite 51 4,60 0.166 5.32 70 to 1110 F 169.92 68 F 268 70 F, 782 759 ¥ 16
Hylite 55 4.76 9H.172 5.32 70 to 1290 F 130.7¢ 68 F 492 70 F, 348 730 F 11
Hylite 60 4.65 0.168 5.82 70 to 1250 F 153.02 68 F 492 7C F, 842 750 F 11
Hylite 65 4.68 0.168 5.7% 70 to 1290 F 153.02 68 F S28 70 7, 788 TS0 F 10
Ti-0A1-4V $.424 0,160 5.58 32 to 1200 F 1712 68 F 482 130 F, 838 896 F 12
Ti-5A1-2.55n 3$.49 8.162 5.52 200tol1200 F 1558 68 F 388 100 F, 868 SO0 F 13
Ti-8Ai-IMo- 4.37 0.158 6.92 68 to 1112 F 198.62 75 F 31.58 75 F_ 77¢ 800 F 1<

iV

(a) The property values cited were actually reportad for the zarlier Ti-6A1-52r-3Mo-
1Cu-0.2Si version of this alloy.

dee
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TABLE 3 ROOM-TEMPERATURE TENSILE PRGPERTIES
Ultizate Yield Notes,
Tensile Strength Reduction Size
Strength, 0.2 Percent Offset, Elongation, of Area, and Refer-
Alloy __ps1 psa __percent percent fondition ence
T1-6-2-3-2 152,690 140.500 20.0 41.2 (2) 15
138,600 121,569 1.0 30.2 ®) 15
136,300 119,900 15.9 26.0 (c) 15
T1-5-5-5 131,000 122,000 18.¢ 11.0 (d) S
125,000 117,500 15.0 37 [CH] 5
139,000 122,090 16 0 38.6 (e) 5
Ti-7-12 forging 132,000 121,009 22 35 ) 16
133,500 122,000 22 33.3 (g) 16
M1 679 159,000 143,205 18 31 (&} 6
177,000 152,990 13 35 (2) []
TMCA Alloy 679 163,500 146,200 16.7 36 (5} 17
IMI 680 (billet) 188,000 152,300 10 30 (k) 7
125,000 134,000 8.5 24 (1) 7
IMI EX 684 150,600 132,000 1 22 1) §
NI EX 200 209,500 183,800 9.3 21 n) 18
Hylite 50 175,000 162,500 15.¢ 40.5 (o) 1
Hylite 53 129,500 117,200 16.2 20.¢ {p} 31
Hylite 60 156, 100 135,200 13.5 17.0 ») 11
Ti-6A1-3V 126,500 134,000 15.0 33.8 (]) 19
137,300 132,000 22.9 25.0 (r) 19
T1-5A1-2.555 131,609 127,500 17 39 (s) 13
142,660 137,300 i8 5.4 {t) 13
T1-8A1-1¥0-1V 136,500 123,500 19.0 24.3 (u) 19
133,000 118,100 20.8 27.3 {v) 19
130,000 126,520 10 25 {w) 13

(a) 1-1/8-in.~dta=. specizen froa i-1/8-in. squire-rolled bar, anneales 1550 F/1 hr, air cooled « 110G F/3

hr, air cooied.

(b) 32-i/8 in.-d1aa. specizen from 2-1/4-in. squaTe-rolled bar, inncaied 18650 F/?! hr, air ccoled « 1100 F/€

hr, air ccoled.

(c) 2-1/4-in.-.123. speciven froz 2-1/4-in. square-rolled bar, amnealed 1750 F/1 hr, air cooled 1109 F/8

hr, air cooled.

(d) Tests on bar stock from txo heats perforzed by TMCA znd reportad by Southern Resezrch Iastitute, sizes

and heat trestxents ot Zivea.
(e: Averages of ton evaluations. Heat treatsent 1650 F/2 hr, air cooled.

(f) Average of six specimens, both radial and tangential, froz forged cospresscr wvhes, .

1600 £/4 hr, 21r cooled.

{g) Sazme as (b}, except heat treated 1750 £/1 Nr, air ccoled « 1300 F/E Ar, air <ooled.

(h) Typical properties. Yield at 0.1 perceat proof stress, eloagarios on $/irea, so.ution treated at

1630 F, air cooled, 3ged 930 F/23 kr.
{1} Saze a3 (i) except o031l quenched sfter solution treatzent.

(3} Average of two specimens solution treated st 1650 F, air cooled, aged 930 F/24 hr, 3ir cooled.
v} Average of seven longitudinal specizens fro= 3.ia. biliet. Yield at 0 1 pervent proof stress.

Soluyzion trested 1510 7, aged 930 F/24 hr.
(1} Average of seven transverse specisens fra3 szze billet as (o).

Beat treated

() Typical properties. Yaeid at 0.} perceat proaf stress, elongazicd oa 3 Jarez, selutica treated 1910 £,

374 kr, air cooled « 930 Ff23 hr, sir cocied

(n) Average of sazples takes at variaus locaticns frow & ¥i/2 1n. thick upset forgieg, solution treated

1 hr at 1562 F, oii quenched, aged iz hours at 93¢ 7. and 3ir zanled.
(o} Typica® properties. viald 2t 0.2 percear aroof stress, elongatica on LErea.

t.2ataent a2 :35¢ F, air cocied, « aganz 930 F/74 hr, air cool.

1-12 i3s3, rolled dar
noraalzsed 323 aged.  Spesific heat troatoent rot specified, but believed to consist of sormaliling

(p) Saze a3 {r;, exzes? ustal hee? Iredtcent 1s norz=zizzizg at 1830 F, aar cool « azed 230 5724 hr, 21r

<ool
3) One in.-¥3133. dar stock {average of twe te<ts), hedt treated 1400 F/Z hr, asr

sool.

(r) Sar stock, 2-1,4 1n. diaz. faverzge of tuc tests), heat treated 163G F/1 hr, air coclied « 930 F/24 hr,

air cooled.
(s} Aaverages of t»c tests oo oo 2anealed 3/4-in -dia=. dar.
23 Averages of one 2est on e3¢k of three Tars, condition not shown.

5} Average cf two tests on 1.6 x ] 9-1a. bar stock. Heszs treatzent 1630 F’l nr, a:r cuol o« 1100 F/8 ks,

a7 co0l
fr: Average cf Iwo tests on 1.6 x 1.9 in. dar stock. Heal treatment 1850 ¥/1 hr
a1y cool.

ai1r ¢cool » 1150 F/8 Bbr,

fwe TNZA guarantesd minism teasile properties 3t roc feIperature 03 bar stock up to and :rcluding £ 3g

tn. Dats are based oz either sizple or duplex amnecaling.

|
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TABLE 4. TENSILE AND CREEP STABILITY PROPERTIES OF FORGED Ti-6Al1-2Sn-4Zr-2Mo-0.155i BAR STOCK(23)

Hammer forged from 3-3/8-inch square to 2-1/4-inch square as indicated and annealed as
7-inch-long full sections.

0.2% Offset

(a) Ultimate Yield
Test Direction and Test Deformation, Strength, Strength, Elong., RA,
Location Temp, F Creep Exposure percent ksi ksi % %

Outside, longit.
Outside, longit.
Outside, longit.
Outside, longit.
Center, longit.
Outside, trans.
Center, trans.

Qutside, longit.
Outside, longit.
Outside, longit.
Outside, longit.
Center, longit.
Qutside, trans.
Center, trans.

Forged from 1750 F and annealed at 1875 F, 1 hr., AC + 1000 F, 8 hr .

75
1000
75
75
75
75
75

Forged from 1900 F and annealed at

None
None

850 F/70 ksi/150 hr
1050 F/30 ksi/150 hr

None
None
None

1750 F, 1 hr., AC + 1000 F, 8 hr .

75
1000
75
75
75
75
75

Nene
None

850 F/70 ksi/150 hr
1050 F/30 ksi/150 hr

None
None
None

145.1 123.1 13.0(b) 23.3
100.0 77.8 15.5 41.1
142.2 151.7 8.5 16.8
146.4 136.9 6.5 9.4
148.2 126.7 13.0 15.3
147.6 126.3 11.0 20.4
143.2 120.3 10.5 18.0
141.7 122.6 16'5(b) 30.1
98.4 75.1 20.0 51.6
143.7 ) 130.4 15.0 22.7
146.6 130.0 13.0 16.2
139.3 121.9 17.S(b) 32.7
144.1 122.4 11.5 26.8
138.1 116.9 13.0 30.7

(a) Values determined from Vickers impressions.

(b) Broke at end of gage length.

TABLE 5. TENSILE AND CREEP STABILITY PROPERTIES OF Ti-6Al-2Sn-47r-2Mo-0. 258112 %

25 F Tenvile Properties

Creep Pvg’nllu

Post=-Creep Tensile Properties

Total  Flastic  Ultimate  0.2% Offset  Flon-  Reduction

Nominal Uitimate  0.2% Offset  Elon-  Redaction ___FExposure

Forging Heat Strength, Yield gation.  in Area, Siress, Temp., Time to Deformation, hr ~ Time, Deft., Strength, Yield gation, in Area,
Temp.. F  Treatmem!®? Rei Strength, ksi [ L] kg F 0. 1% 0.2% hrs  percent 1) Strength, ksl = -

1750 P Triplex 141 8 168 2 LAY (L] 11 900 an 280 313 0.17% 3. 182, 7.0 (1384

145 2 12te 190 1.4 ) 1000 &8 158 164 0, 200 4L 137, 1.3 9.4

1A%0 2/# Duplex 140.6 130.0 1" ER} L1} 200 70 L3 D1 B Y] [ NPT 152.0 8.0 120 ne

146.6 126.4 1o 20.9 " 1600 100 228 He 018 e 1.8 (] 1N

T £ Triplea 141.4 122.0 10.% 0.9 o 900 20 380 o 0.210 41,9 1278 0.0 16. 1

1422 124.0 108 2.7 3 1000 50 208 237 o Mo 1428 129.4 8,0 ty.»

1900 11 Duptex 144.8 126.0 1o .1 [T “0p 60 w0ttt 404 LTTY 148 2 1307 ns 1.9

141 0 8.4 1"ne Y " tooo tos 268 23 0. 240 4.6 1814 "o (]

1900 s Tripiex 141.¢ 128 2 100 203 58 500 1] 328 1#%0 9.:00 42 6 N e 90 (1]

142.4 124 0 9.0 18.0 1. 1000 L3 190 21 0. 198 1442 1ot a0 0.

AP 1) 8 Druplex 5 a00 1o #00 s0e 0 238 (L3 ) 167 tz.0 24

R # Triptex .- L1} 900 4 4o 03 9 140 1418 [FL IS LX) (L]

E:)_:} Nuplen o 1780 F 1 hr

AC ¢ 1100 F, A hr

AC

“Triplex ¢ IASUF the AC ¢ 1780 F. 1 hr AC + 1JO0F. Bhr

i{h} Extrapolated dats

AC

e
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TABLE 6. ELEVATED-TEMPERATURE STRESS-RUPTURE FROPERTIES OF
Ti-5A1-55n-5Zr FROM COMPRESSOR-WHEEL FCRGING(16)

Expasure Tize to

Tezp., Stress Rupture,
Heat Treament(a) F hsi hr
1650 F/4 hr, AC 1009 60 78.3
1650 F/4 hr, AC 1000 60 69.2
1750 F/! hr, AC + 1390 F/8 kr, AC 1000 60 99.8
175C F/1 hr, AC + 1300 7/8 hr, AC 1600 60 85.3

(a) Tests all in radial direction.

TABLE 7. ROGH-TEMPERATURE NOTCH-TIME-FRACTURE PROPERTIES OF Ti-5A1-5Sn-5Zr
FROM OOMPRESSOR-WHEEL FORGING{(16)

Notch Time Fracture Streagth(®)

Passed S Hr, Failure
lieat Treatment {3) ksi Stress, ksi Tize, hr
1650 F/4 hr, AC 176 180 1.%
1650 F/4 hr, AC 180 190 6.C
1750 F/% hr, AC + 1300 F/8 hr, AC 1890 i9) 1.5
1750 F/1 hr, AC + 1300 F/8 hr, AC 180 186 0.9

(a) Radial specisens obtained fron web of wheel.
(b) Initial stress of 13Q ksi, increased by 10-ksi increzents
every 5 hours until failure.

FABLE £. ELEVATED-TEMPERATURE STRESS-RUPTURE PROPEKTIES COF Ti-7Al-12Zr FROM COMPRESSOR-WHEEL

FORGING (16
Tize to Reduction
) Te=p., Stress Rupture, Elongaticn, of Ares,
Code Direction? position{(?) F ksi hr perceat percent

Heat Treated 1759 £/1 hr, AC « 1300 F/8 nr, AC

80 Tang. HC 990 62.5 (®d) 0.5 0.0
79 Tang. HC 1000 60 396 - 7.9
81 Tang. HC 1006 60 274 13.8 21.9
82 Tang. KC 1100 57.5 12.8 26.9 35.5
Heat Treated 1609 F/3 hr, AC
31 Tang. Jet. 900 62.5 () 0.7 0.9
106 Tang. HC 1030 60 165.2 - 19.1
8s Tang. Rixa 1000 60 150.5 29.3 24.8
107 Tang. HC 1100 57.5 5.4 33.1 21.5

(a) Tang. - tangential; HC - high-coupling area; Jct. - junction of coupling and wheel mid-radius.
(bj Exposed 300 hours without failure.

¥ ¥ VOOV RIS
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TABLE 9. EFFECT OF CREEP TEMPERATURE AND STRESS ON THE RETAINED TENSILE PROPERTIES OF A T1-7A1-12Zr
COMPRESSUR-NHEEL FORGING GIVEN SINGLE AND DUPLEX ANNEALS(20)

A b

Ly

300-hr Creep Exposurs Condition Retained Roon-Temperature Properties
Tezperature, Stress, Deformation, Feus Feys Elongation, Reduction of Area,
F ksi percent ksi ks percent _percent

Annealed 1600 F/4 hr, AC

RT . . 133 121 25 37

£00 60 0.07 133 127 16 20

850 57.5 0.14 136, 127 5 6.3
550 10 0.24 137(8) 125(3) 6.5(3) 7.2(3)
1359 20 0.20 138 127 5.5 0.4
1100 15 0.34 141 130 12 13

Annealed 1750 F/1 hr, AC « 1300 F/8 ar, AC

RT . .
- . 132 123 15 35
3060 60 0.07 135(2) 126(3) 20 19(®)
850 57.5 0.19 138 136 21 25
950 20 0.33 131 126, 6, 7
1050 20 0.20 132(3) 125(3) 15(3) 2303
1100 15 0.22 140 12¢ 7.5 10.2

(a) 0.950 inch machined from specizmen diameter after exposure.

TASLE 10. EFFECT OF SOLUTION TEMPERATURES ON DUCTILITY OF Ti-679(‘7)

Ultizate
Tensile Yield
Solution (a) Strength, Strength, Elongation, Reduction of Area,
Teaperature, F* ksi Xs1 percent percent
1700 194.¢ 169.¢C 6.9 23.7
1675 136.9 168.3 -- --
1625 176.8 151.5 12.0 43.0
1600 176.2 152.0 12.0 41.6
1575 154.8 118.1 19.0 31.8
1550 155.8 104.7 18.0 39.1

(2) All sazples water quenched froz tecperature and not aged.

TASLE 11. AGING RESPONSE OF Ti-679 QUENCHED AT VARIGUS RATES (ALL SAMPLES SOLUTIiON TREATFD AT 1850 Ffl7

e

Ultizate
Aging Tensile Yield
Texperature Quench Strength, Streagth, Elongation, Red' ction of Area,
Sazple (24 hrs), F Rate ksi xsi percent percent
As forged -- -- 18:.2 136.5 14.0 42.9
15-38 930 Furnace cooled 143.7 132.1 11.0 3.1
15-39 -- Furnace cooled 143.8 133.¢ 11.0 25.8
15-3 930 Alr cooied 167.3 149.6 17.5 43,3
15-28 -- Air ccoled 159.3 122.8 16.7 37,3
15-13 930 Water quenched 169.6 180.0 io.v 32.9
15-22 -- Water gquenched 176.8 151.5 12.G 13.0
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TABLE 12. TENSILE PROPERTIES ROLLED BAR, AIR COGL YERSUS oIt Quenci(17)

Air Cooled from 1650 F ~il Quenched from 1650 F
Ultimate Ultinate
Heat-treatoent Tensile Yield Elong., R.A., Tensile Yield Elong., R.A.
Section Size, Strength, Strength, per- per- Strength, Strength, per- per-
Material in. ksi ksi cent  cent ksi ksi cent cent
Rolled bar 3 (=dge) 151.0 -- 23 42 176.0 142.0 18 40
(originally 3 {center 150.5 127.5 18 34 169.0 130.¢0 16 34
3-1/2-in.dias. 2 158.5 131.5 16 33 174.0 145.0 124 32
1-172 160.0 135.5 i7 23 179.5 147.0 i8 33
1 150.0 134.0 17 31 182.6 150.0 14 31
1/2 166.¢ 137 17 30 194.90 163.0 12 29
TABLE 13. AVERAGE TENSILE PROPERTIES GF IMI 679 COMPRESSOR-WHEEL FORGINGS'®)
0.2 Percent Ultimatze
Yieid Tensile
Tezperature Strength, Strength, Elongation, Reduction of Area, Reference
Forging F ksi ksi _percent percent
Hammer forging, 79 130.2 146.9 12.9 32.4 24
stock 8-1/8-in. billet, 400 105.1 129.6 i5.8 40.7
source: TMCA $30 96.8 121.4 i5.8 38.8
800 82.2 106.7 15.4 38.9
900 78.7 103.4 15.7 49.4
1000 78.7 101.9 15.3 39.2
Hazzmer forging, 70 141.8 156.5 13.2 35.4 24
stock 8-1/8-in. billet, 900 95.7 111.7 15.4 51.9
source: TMCA
Press forging, 70 137.3 151.8 13.5 32.8 24
stozk 8-1/8-in. billet, 539 95.2 121.0 12.5 33.8
source: TMCA 8G0 83.0 165.0 16.0 41.5
1060 80.3 102.8 16.5 2.4
Press forging, 7¢ 137.3 153.4 i4.4 37.5 24
stock 8-1/8-in. billet, 550 102.5 125.8 15.5 46.9
source: IVl 900 83.¢ 105.90 16.0 41.5
1600 79.90 102.0 16.0 45.5
Press forging 70 1361 161.2 15.2 2.5 s
stock 8-in. billst, 840 31.3(b)  114.3 18.6 52.8 25

source: IM}

(3} Hest treatzent, Forgings 1-4, 1650 ¥/1 hr, AC + 930 F/24 hr, AC.
rorging 5, 1650 F/! hr, Oil Q+ 930 F/24 ar, AC.
{b) 0.1 percent proof stress.
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TABLE 14. ROOM-TEMPERATURE NOTCHED-TENSILE PROPERTIES OF TITANIUM ALLOY. IMI 679 FORGING

Theoretical Notched
Forging Stress Concentration Tensile Strength, NTS
Type Pgsition Direction Factor, Ky ksi TS Reference
iarge
coxpressor Rim Radial 3.0 243 1.52 25
disk(3) Rinm Axial 3.0 245 1.53 25
Rin Tangentiai 3.9 236.5 1.55 25
Web radial 3.0 246 1.47 25
Web Tangential 3.0 244.5 1.50 25
F-104 Flange Longituciral 3.9 136 26
fuselage Edge [Grain 3.9 139 26
ring fit- Mid-radius Direction 3.9 142 26
ting Center 3.9 144 26

(a) Disk mace from 8-in -diamster x 12-in-long billet, upset forged tc a flat (heese at 1650 F, pressed
between shaped dies at 1650 F, heat treated for 1 hour at 1650 F, oil quenched, aged for 24 hcurs at
930 F, and air ccoled.

(b) Cut weights of nmaterial for four forgings, 108 to iil ib ea. Ferging fummacc iempeorature 1075 F.

Average temperaturc on dies: draw 1540 F, bend 1545 F, !st finish 1480 F, 2nd finish 1550 F. Heat
treatment: 1 hour at 1650 F, fan cooi, aged for 24 hours at 930 F, and air cooled.

TABLE 1S. NOTCH TIME FRACTUKE TESTS (70 F, &k, = 3.8) OF Ti-679 COMPRESSOR WNELL FORGINGS(24)

All forgings held 1650 F/1 hr, AC, + 830 F/24 hrs, AC.

Hours under Test at Indicated Stress

Location, Direction 170 kst 180 ksi 150 ksi G0 ksi 210 hsi
Coupling Axial 5.2 5.3 failed -- .- --
Coupling Axial 5.0 5.0 5.2 0.2 failed --
Rin Tangential 5.1 5.4 5.0 5.2 1.3 fait-
Heb Radial 5.1 5.0 5.9 1.6 fa:lcd --
Web Radial -- 3.7 3.8 failed .- .-
Rin Tangential -- 3.7 4.9 failed -- --
Rim Tangentia: -- 5.7 1.6 failed -- --
Web Radial -- 5.6 6.5 failed -- --
Riz Tangential -- 2.2 f2iled - -- --
Neb Radial -- 5.0 0.3 failed -- --
Rim Tangential -- 5.0 0.2 failed -- --
web Radial -- 5.2 9.1 failed -- --

[ XX}
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TABLE 16. CREEP PROPERTIES OF ALLOY 679 COMPRESSOR-WHEEL FORGIHGS(a)

Tine to Tize to
C.1 per- 0.2 per- Plastic Plastic
cent cent Deformaticn Deformation
Temper- plastic plastic in 150 in 100 Duration Total
) ature, Stress, Deformation, Deformation, hcurs, hours, o. test, Creep, Refer-
Forging F ksi hours hours percent pe-cent hours percent ence
1 850 65.0 64 184 0.158 165 ¢.160 24
850 65.0 26 15¢ 0.2 166 0.200 24
850 65.0 70 875(:) 0.13 1010 0.240 24
900 §5.0 90 240 0.13 166 0.130 24
900 55.0 20 130 0.21 166 0.2:0 24
900 s5.0 60 625 0.14 1090 0.235 24
950 45.0 20 180 0.18 166 0.185 24
950 45.0 25 220 0.17 1000 0.796 24
1909 35.0 10 90 0.34 150 0.392 23
2 850 65.0 58 200(¢) 150 0.144 24
850 65.0 1000 0.408 24
900 §5.0 150 0.164 24
900 $5.0 1000 0.564 24
950 45.0 150 9.246 24
950 45.0 1000 1.668 24
3 850 65.0
900 55.0 150 0.152 24
900 55.6 159 0.256 24
906G §5.0 150 0.152 24
950 45.0 150 0.186 24
i 950 45.0 150 0.679 24
950 45.0 150 0.236 24
1090 35.0 150 0.264 24
150 0.5%80 24
| 4 850 65.0 150 0.128 24
3 ] 9G9 55.0 150 0.212 24
- e 900 55.0 15¢  0.192 24
| == 920 55.9 150 0.156 24
| 960 45.0 15v 0.372 24
95¢ 45.0 150 6.328 24
950 45.90 150 0.160 24
1000 35.0 150 0.340 24
S 750 78.5 0.124 25
750 78.5 0.088 25
754 78.5 0.119 25

(a) Heat treatment, Forgings 1-4, 1650 F/1 hr, AC + 93C F/24 hr, AC, Forging 5, 1650 F/1 hr, 0il
(b) Ses Table 13 for description of forgings. + 930 F/24 hr, AC
(c) Extrapolated.

™

.
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TABLE 17. ELEVATED-TEMPERATURE STRESS-RUPTURE PROPERTIES OF Ti-679
COMPRESSUR-WHEEL FORGIGS (17
Heat Treatment: 1650 F/1 hr, AC + 930 F/24 hr, AC.

Ruptere  Elongation,
Location Direction Temp., F Stress, ksi Life, hr  percent

Rim Tangential 950 60 727 22.9
Rim Tangential 950 €0 1468 17.2
Weh Radial 950 60 879 22.6
Rin Tangential 950 80 153 21.3
Rin Tangential 959 g0 215 13.9
Web Radial 950 50 199 22.6
Web Radial 950 80 34 14.6
Web Radial 950 80 199 25.3
Rin Tangential 1000 65 154 12.3
Rinm Tangential 1000 65 123 27.9
Heb Radizl 1000 65 108 27.9
Heb Radial 1000 65 151 27.9

TABLE 18. STABILITY OF Ti-£79 ALLOY COMPRESSOR-WHEEL MATERIAL AFTER SELECTED CREEP exposures(17)
Heat Treatment: 1650 F/1 hr, AC + 930 ¥/24 hr, AC

Postcreep Tensile Properties

Creep Exposure Plastic Y.S.
Tecp., Stress, Tize, Deforwation, 0.2% U.T.S., Elongation, R.A.

Location Dizectidn F ksi hr k3 ksi ksi $ S

Typical Unexposed Properties - - - - 138.0 155.0 13.0 30.0
Web Radial 800 35 150 u.15 141.2 155.5 16.9 36.7
Web Radial 800 75 150 6.16 136.7 149.9 12.0 25.5
Rin Tang. 850 6% 150 0.17 140.6 154.2 13.0 32.°
Rin Tang. 859 65 150 0.15% 141.0 152.9 13.0 29.5
Rin Tang. 350 65 150 0.13 142.5 156.% 12.0 29.5
Rin Tang. 850 65 150 0.14 151.0 166.1 14.0 36.2
Rin Tang. 850 65 150 ¢.15 134.0 152.9 13.5 29.5
Rin Targ. 839 63 1000 0.31 138.1 149.9 15.0 30.8
Rim Tang. 850 65 1000 0.2i 141.7 156.0 13.0 28."
Rin Tang. 990 50 159 0.13 141.3 157.% 14.0 5.4
Rin 7ang. o 30 150 0.9 141.2 153.0 10.0 18.3
Coupling Axial 850 35 150 0.26 137.2 150.3 11.0 31.6
Coupling Axial 9co 55 15C 0.21 134.7 149.0 14.0 36.2
Web Radiai 95C as 150 0.23 1343.6 157.° .0 7.9
Web Radial 50 45 150 0.33 136.4 150.7 -0 6.3
Wzb Radisl 900 55 150 G.15 is7.1 161.3 12.0 27.5
Neb Radizl S00 58 150 0.19 138,34 153.5 10.¢ 23.4
Rin Tang. 960 55 159 0.20 141.0 134.2 i2.0 25.4
Rim Tang. 900 55 150 0.16 140.0 153.2 13.0 27.5
Ria Tang. $00 55 150 0.16 142.0 157.2 12.¢ 22.6
Ria Tang. 906 55 1509 0.36 142.1 156.8 15.0 28.9
Coupling Axial 950 45 150 0.68 133.3 1 4 12.0 it.”
Coupling Axial 95 45 150 0.37 137.6 51.5 9.0 15.9
Rim Tang. 950 45 150 0.26 142.7 154.4 10.0 19.8
Rim Tang. 950 4 150 0.16 140.5 155.¢ 12.0 28.8
Rin Tang. 930 43 150 0.24 120.2 156.3 15.0 32.3
Rin Tang. 950 45 1000 1.67 135.5 149,2 6.0 8.~
Rim Tang. 1000 35 150 0.88 135.4 14-.3 c.0 13.2
Rin Tang. 1600 35 1s¢ 0.33 136.6 1s:.9 5.0 9.4

[ XL
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TABLE 19. RECOMMENDED SOLUTION- TREATMENT TEMPER-
ATURES FCR IMI TITANIUY 680 SCRGINGS HAVING
A RATIO OF MAXIMUM TO MINIMUM SECTION THICK-
NESS NOT EXCEEDING 4:1(7)

Thickness of

Predominant  Solution-Treatment Temperature, F(a)
3 Sectioen,
g in. Rater Quenching Gil Quenchiag
i 1/4 1490 1490
F- 1/2 1495 1455
1 3/4 1500 1510
£ 1 1516 1515
= 1-1/2 1510 1515
g 1-3/4 1518 1525
¥ 2 1515 1525
A 3 1535 1845
= e 3 1545 1855
= - 4-1/2 1538 1545
3 < 1523 1535
P . s® -- 1560
g ;
z i (2} After solution heat treatment ail sizes should
=t be a2ged 24 hr at 930-1116 F. Aging at 938 F
B is reco=sended because optimm creep proper-
< ties are produced after 2ging at this tem-
= perature.
2 {(b) Biliet. After quench, age 24 hr at 1020 F.
> ; TARLE 20. TYPICAL ROOM-TPIPERATURE TENSILE PROPERTIES OF IMI ALLOY 680(7)
 \ z
o Tensile Propertiss
N {: Method of 0.1 percent
o 3 Selecting Proof Tensile
1 g Test tress, Strength, Elongaticn, Reduction of Area,
B 5ol Haterial Specizens Heat Treateernt ksi ksi purlent _percent
5. 1-in-dian. Heat treated 1529 F/1 hr, AC + 172.5 350.4 16 S0
r rolled in full 930 F/24 hr, AC
3 B t rod section,
3 : longitudinal
5 5’- ; test
2 ¥
E 3-1/2-ia.  Heat treated 1520 F/2 hr, WQ 165.8 194.9 9 26
dian. in fuil + 936 F/24 hr, AC
rolled section,
bar transverse
test
5-1/2 x Heat treated 1530 F/4 kr, ¥Q 139.0 199.4 10 27
4-in. in full + 33G ¥/24 hr, AC
forged section,
2 bar transverse
o test
£
5 12 x 5-3~. Heat treated 1480 F/1 hr, ¥ 152.3 179.2 9 22
3 forged s transverse «+ 330 F/238 hr, AC
bar slice,
transverse
tast

2]
3
&
3
5
2
s
=
3
3
S
3
R

i
§
E

gAmiag
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TABLE 21. TYPICAL ELEVATED-TEMPERATURE TENSILE
PROP; IES OF FULLY HEAT TREATED IMI ALLOY
680

0.1 Percent

Proof Tensile 4

Te=p., Stress, Strength, Elong., R.A., :

F xsi ksi percent percent :

63 167.8 196.9 15 43 :
362 127.7 161.5 13 53
£72 12).8 155.3 19 35
752 110.9 149.6 17 36
g4z 168.9 132.0 16 52
932 101.0 138.0 16 34

TABLE 22. TENSILE PROPERTIES ON SAMPLES CUT FROM A COMPRESSOR-DISK FORGING
OF IMI TITANIUM 680(7}

13-in.diazeter with a l-in-thick wed

0.1 Percent

Procf Tensile
Stress, trength, Elongation, Reduction of Arez,
Sa=ple Position ksi ksi percent percent *
Axiai in bore - 172.9 i3 -
Tangzntial in bore l6..2 185.9 15 47
Radial in diaphrag= 163.5 187.5 13 47
Tangential in rim 168.0 187.5 13 41
Radial in rim - 182.3 13 33

TABLE 23. TENSILE PROPERTIES ON SAMPLFS CUT FRGM A !
STEERING-ARM FORGING OF IMI TITANIIM s80(7) E

15 in.long x § in wide

0.2 Percent !

Proof Tensile
Sazpic Stress, Strength, Elongaticn. Reduction of Arex, :
Position  ksi ksi percent perceat i
1 169 188 11 35
2 i74 136 3 37
] 183 198 iz 33
3 184 195 10 37 ‘
10 168 186 11 35 f
12 178 196 9 30 1
125 176 130 11 23
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TABLE 24. EFFECT OF NOTCH CONCENTRATION FACTGR ON
NTS/TS RATIO OF FULLY HEAT TREATEDR ROD OF
IMI ALLOY 680(7)

Notched
Notch Concentration Tensile
Factor, Strength, NTS
K¢ ksi s
1.7 275.5 1.4¢4
3.0 256.6 1.40
~“3.75 224.0 1.17
~7.75 221.8 i.16

TABLE Z5. RELATIGN BETWEEN NOTCHED AND UNNOTCHED TENSILE STRENGTH
OF IMI TITAXILM 630(7)

Notched

Solution Tensile Tensile
Terp., Strength, Elongation, Reducticn of Area, Strengtk, XIS
F ksi percent percent ksi TS

1380 175.8 14 43 260 1.48
1430 186.3 12 33 260 1.44
1479 182.1 12 30 253 1.27
1520 197.1 10 16 244 1.24
1560 228.0 3 3 193 0.85
1610 233.0 2 3 127 0.48
1459 241.2 2 2 168 0.72

TABLE 26. STRESS T9 PRODICE 0.3 PERCENT TOTAL
PLASTIC STRAIN in 10¢ HGRS IN 1M1 650(7)

Estizated Stress to Give
Te=p., 0.1 Pzrcent Total Piastic Strain
F in 100 pHours, ksi
%0 163
300 13
3% 130
570 118
750 80
840 43

930 13
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TABLE 27. TENSILE AND CREEP PROPERTIES OF IMI TITANIUM EX 684 ENGINE-COMPRESSOR D1SK(8)
Tensile and cresp properties of two 18-in-dian. disks, with a2 web thickness of
1-1/2 in.and a rin thickness of 3 in, each weighing 100 1b, heat treated
1915 F/1-1/2 hr, OQ + 830 F/24 hr, AC.
Tensile Properties Creep Data,
Strain i
Notched 100 Hours at
0.1 Percent Tensile 370 F and 44.5 Ksi
Position Test Proof Teasile (23 Strengtt Initial Total
of Test Tesp., Stress, Strangth, Elongation'®’, Reduction of (I’.E = 3), NTS Plastic, [lastic,
Plece F ksi k3i percent Area, percent si TS percent percent
Disk Forged at 1920 F
Tangentisl, 70 125 143 16 24 229 1.6 0.013 0.186
web
Tangential, 70 128 153 13 23 227 1.59 nil $.092
ris 970 68.% $0.0 15 38 - - - -
Radial, 970 - - - - - - n:l 0.11
web
Disk Forged at 180C F
Tangential, 70 127 143 15 22 221.5 1.52 nil 0.07}
xsb
Tangential, 70 121 138.5 is 23 218.3  1.38 mi 0.0G568
riz S7¢ 69.2 99.¢ 16 3 - - - -
Radial, 970 - - - - - - nil 0.056
veb
TASLE 28. TENSILE PROPERTIES OF IMi TITANIUB4 EX 684 ENGINE-CORMPRESSCR DISK(8)
i3-in-dian. » l-in-rin thickness. weight 25 1b, forged to 13-1/4-
in-dian. cheese at 1800 F and stamped to disk at 1885 F.
Tensile Proserties
Test 0.1 percent  lensile xecuction X5
Sazpie Hexe Texp., Pooof Stress, Stremgth, Eiong., of Area, (Xg23), 3TS
Fosition Treatzent £ ksi ksi sersent  percent ks i T3
Tangential, 1915 F/3/4 hr, A Room 132.5 150.5 12 21 z35 1.56
hud and web  « 930 F/24 hr, AC
191S £/3/4 hr, OQ Rocecs 137 156 12 24 49 1.54
+ 930 F/24 kr, AC
Rezdial, 1915 F/3/4 hr, AC Room 132.5 150.5 10 22 240 i.6
wed * 530 F/Z3 hr, AC
1915 F/3/4 hr, 0Q Roca 137 %6 13 23 240 1.54
* 930 F/23 hr, AC
Axial, dud 13915 F/3/4 hr, AC  Roca 135 123.5 ] 20 237.% 1.66
{teasometer 930 F/24 hr, AC
tests)
1915 F/3/3 Ar, OQ Room 13¢ 150 10 25 237.5 i.57
+ 930 F/28 hr, AC
Tanpaatial, 1915 F/3/4 hr, AC 87C 60.2 35.% 15.¢6 27 - -
test ring « §30 F/2& hr, AL
Teagentisl. 1915 F/3/4 hy, aC 870 62.0 88.2 14,8 25 - -
hud «930 F/28 hr, AC
Radisl, 1915 F/374 hr, AT 970 65.7 87.5 15.0 23 - -
wed * 920 F, 24 hr, AC

-
-
-
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TABLE 29. TENSILE AND CREEP PROPERTIES OF IMI TITANIUM EX 684 ENGINE-COMPRESSOR DIsc(®)

13-in-diam.x I-in.ria thickness, weight 25 1b, forged to 13-1/4-in.diam
cheese at 1800 F, stazped to disk at 1860 F.

Tensile Propertics Creep Data
0.1
Percent Strain in 100
Test Proof Tensile §NTS Hours at
) Saaple Heat Temp., Stress. Strength, Elong., R.A., (K¢=3}, b 940 F 2nd 44.8 ksi,
Position Treatzent K ksi ksi _percent perceat ksi TS5 Total, percent
Tangential, 1915 F/3/4 hr, AC Roo= 123.0 140.3 11 17 220.¢ 1.56 6.085
ris + 930 F/24 hr, AT
Radial, 1915 F/3/4 hr, AC Roca 123.0  143.5 13 17 224.0 1.56 -
web + 930 F/28 hr, AC
Tangential, 1915 F/3/4 hr, 00 Rooa 128.5 147.5 10 20 233.0 1.59 0.12
rin + 930 F/24 hr, AC -
Radial, 1515 F/3/4 hr, 99 Rooz 123.0 149.0 12 20 223.0 1.54 -
wzb + 930 F/28 hr, AC
Tangential, 1915 F/3/4 hr, AC 370 74.6 88.9 14 35 - - -
web + 930 F/24 hr, AC
85¢ 69.5 89.5 14 22 - - -
970 63.1 82.5 15 30 - - -
Tangential, 1915 F/3/4 kr, 03 570 51.3 197 14 332 - - -
wet + 932 F/724 hr, AC
830 76.4 104 20 35 - - -
970 72.1 1.3 18 38 - - -

TASLE 30. CREEP PROPERTISS OF iMI EX 684 ENGINE COEPRESSOR £k sawpies(®)
Tast pizces taken tangentially froa the ria

initial
Creen-Test Data Piastic Total Flastic
Tezperature, Stress. Strain, Strain, percent
F k3i percent S0 nours 10C hours

Heat Treatment

3915 £/3/4 hr, AC 970 $4.3 nil 0.551 v.oT2
+ 930 F/24 hr, AC

i91S F/3/4 hr, )Y 970 4.8 nil 0.93% G.959
+ 930 F723 hr, AC
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TABLE 31. EFFECTS OF 975 F EXPOSURE ON THE ROOM.TEMPERATURE TENSILE PROPERTIES OF vl Ex s84(8)

o

Sl

Notched
Tensile
Strength,
Exposure Tire, 0.1 Percent Proof Tensile Elongatioen, Reduction in Area, ksi NTS
hours {2} Stress, ksi Strength, ksi percent ner~ent {Ke = 3) TS
0 137 152 15 23 242 1.6
100 140 157 12 21 233 1.49
390 143 160 9 19 213 1.33 1
1000 142 159 9 12 222 1.4

(a) 0.5-in-diaxneter rod, initially held 1915 F/3/4 hr, OQ « 93C F/24 hr, AC.

TABLE 32. EFFECT OF SOLUTION TREATMENT TIME ON THE
TENSILE PROPERTIES OF FORGED, 1/2-INCH-THICK
PLATES OF IMI EX 750(18)

Solution Treatment(2)

1 hr at 5 ars at

Prcperties 1520 F(b) 1520 F(b)
0.2 § Preof 3tress, ksi 187.7 180.0
Tensile Strength, ksi 204.7 202.7
£longation, percent 8 15.3
Reduction of Area, percent i8 25.3
Notched Tensile

trength, ksi 241.3 261.3
XTS/TS ratic 1.18 1.29

13} Values given represent averages of samples
fros three separate heats

{t) All sacples oil queached froa 1520 F and aged
23 hours at 930 F followed by air cooling

e
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TABLE 33. TENSILE PROPERTIES OF UPSET FORGINGS OF IMI Ex 700(8)

Sazple Location Smooth Tensile Prop=rties Notched
Forging 0.2 % Offset  Ultirmate Teasile
Thickness, Yield Stresgth, Elong., Reduction of Area, Strength, NTS
inches Strength. ksi ksi percent percent ksi TS

Solution Treated 1520 F, 0Q « 24 Hours, 930 F, AC

0.5 Rim, radiai 187 209 11 25 246 1.18
Center 189 210 10 28 242 1.16
1.0 Rim, radial 1e4 207 13 23 244 1.18
Center 187 257 9 24 243 1.20
1.75 Riz, edge 181 200 11 26 270 1,36
Riz, niddle 175 199 10 15 246 1.23
Center, edge 179 202 4.5 6 246 1.23
Center, ciddle 180 199 12 29 276 1.39

Solution Treated 1560 F, OQ + 24 Hours, $30 F, AC

i.5 Rim, radizl, edge 186 210 11 23 224 1.07
Rinm, radial, riddle 183 2i0 6 17 232 1.15
Center, edge 184 210 6 14 2135 1.03
Center, nziddle 181 208 14 30 238 1.14
2.25 Riz, edge 184 214 3 6 258 1.20
Rinm, niddle 179 203 o i1 264 1.3G
Center, edge 177 200 2.5 2 233 1.16
Center, middle 177 206 8 i3 262 1.27

TABLE 34. EFFECT OF SECTION SIZE AND COOLING RATE
FROM SOLUTION TEMPERATURE ON PROPERTIES OF
HYLITE so(21)

Average
Tensile Average
Section Strength  Elong. .
Size Cooling ¥ethod psi parcent
5/8 in. diaz. Veraiculite 169,003 16
Air 176,09¢C 15
0il queach 207,000 7.5
®ater quench 210,000 7.3
2 in. square Air 172,000 14
(cutside)
Xater quench 197,000 3.5
(outside)
4 ir. square ¥ater guench 166,600 14
{center)
134,000 S

Note: Standard heat treatzent: solution treat at
1650 F; =zir ccol; ag2 2¢ hr at 950 F

s
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TABLE 35. TENSILE PROFERTIES OF HYLITE S0 SAMPLES FFOM DISK

FCRGING(21)
Yield
trength
(0.1 Percent Tensile Reduction
Pesition of Test Offset), Strength, Elong., of Arez,
Piece psi psi percent percent
Longitudinal, hub -- 174,600 12.0 19 to 25
radial, hudb -- 170,509 14.8 3i to 33
Lorgitudinal,
periphery 128,000 167,000 12.5 27
Radial, zid-radius 148,000 168,500 14.5 38
Tangential, hud 128,000 166,200 12.5 27
Tangential,
periphery 139,000 164,800 15.9 31

Note: Izod irpact strength 2t a radial-nid-radius position is
14 fr-1b. H2at treatzent: 2 1/4 hr at 1650 F; air cool;
aged 24 hr at 930 F. Disk was 25 in. in diazeter.

TABLE 36. CREEP-RUPTURE PROPERTIES 07 HYLITE 5019

Stress to Produce a Stress to
Tecperature, Tize, Total Plastic Strain of Produce Rupture,

F Hours 0.10 Percent, ksi ksi
570 39 105.3 --
100 105.0 --
309 104.2 --
1000 103.1 --

750 30 82.8 123.2

100 5.0 122.0

309 87.2 121.0

1000 59.4 117.7

840 3¢ 235.9 2.

100 37.0 109.5

300 28.1 183 1

100C 20.2 87.3

930 30 -~ 8§5.2

160 §.95 65.3

300 -- 19.3

1060 -- 32.5

den
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TABLE 37. TYPICAL TENSILE PRCPERTIES OF 1-INCH-DIAMETER WROUGHT BAR OF HYLITE 51 TITANIUM ALLOY

(10)

Air Cooled and Agad

Temperature, F 70 210 390 57C 750 530 1020
0.20 Percent Proof Stress, ksi 181 163 134 116 108.3 97.5 87.6
Ultimate Tensile Strength, ksi 202 189 166 152 141 153.5 125.5
Elongation, percent 10.5 11.0 13.5 14.5 13.5 150 16.5
Reduction of Ares, percent 27 29 38 38 a1 55 S9
0il Quenched and Aged
Temperature, F 70 390 570 930 102¢
0.20 Percent Proof Stress, ksi 188 142 120 98.8 87.9
Ultimate Tensile Strength, ksi 222 187 i68 150 124
Elongation, percent 6.5 3.0 12.0 14.5 17.0
Reduction of Area, percent 8 9 43 53 62

TABLE 38. TYPICAL ROON TEMPERATURE PROPERTIES OF A 3-INCH-SQUARE BFLLET
OF HYLITE $1 TITANILM ALltoy(10)

Air Cooled and Aged 0il Quenched and Aged

Surface Center ~ rface Center
0.2 Percent Proof Stress, ksi 178 16} 187 177
Ultinate Tensiie Strength, ksi 185 172 212 196
Elongation, percent 16.0 15.0 10.5 12.5
Reduction of Area, percent 43.0 40.0 3.0 37.0

Nete: Heat treatuents were not specified, but =aterial =ay be assuzmed to have
been 3ann=aled at 1650 F for 1 hour per inch of cross section, cocled
to room tesperature, and aged 24 hourc at 930 F.
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TABLE 39. TENSILE AND IMPACT PROPERTIES OF YLITE 51 UNDERCARRIAGE FORGING(!¥)
Heat treatoent: 1650 F/3 hr, AC + 930 F/24 hr, AC.

Ultinate
Test Tensiie 0.2 Percent Proof

Test Picce Strength, Stress, Elongation, Reduction of Area, 1z0d,
Piece Direction ksi ksi _percent percsnt ft-15.

1 Tangential 191 176 12.5 23.0 --

2 Tangential 187 17} 12.5 24.0 --

3 Tangential 181.5 165 150 35.¢ .-

4 Longitudinal 178.35 163 15.0 33.7 --

6 Longitudinai 182 166 15.C 37.0 --

8 Longitudinal 181 164 15.0 43.5 --

9 Transverse 180 161 12.5 37.0 -~
10 Lengitudinal 183.5 168.5 13.0 35.7 --
11 Longitudinal 184 167 i5.0 490.5 --
12 Longitudinal 185.5 i167.5 13.5 40.5 --
13 Longitudinal -- -~ .- -- 7.8,7
14 Transverse 181.3 164 13.5 34.0 --
15 Tangential 188.5 172 12.5 31.0 --
16 Tangential i87.5 169 13.5 37.9 .-
17 Longitudinal -- -- -- -- 8,8,6
18 Longitudinal 178 1€3 16.0 6.5 --
19 Oblique 180 162 15.0 40.5 --
20 Longitudinal 180.5 163 15.0 0.5 --
21 Longitudinal 179 163 i5.0 10.5 --
22 Longitudinal 183 167.5 1C.G 43.5 --
23 Oblique 179 i62 16.0 3°.0 --
24 Longitudinal -- .- -- -- 11,9,8
25 Longitudinal 176.5 1€5 15.0 39.7 --
20 Longitudinal -- -- -- -- D
27 Longitudinal 189 164 13.5 13.5 --
28 Longitudinal -- -~ -- -- t,6,"
29 Transverse 186.5 162 15.0 34.0 .-

TABLE $0. CREEP PRCPERTIES OF TITANIUM ALLOY MYLITE

51.(19) TIRLE 4, JREED AN UTEENS TTRE PP SRR CE 5 LT
T8 amg Joamkt d,azeler Pur. ‘u..s “eat treatel

- ———

1-inch-diazeter bar in the air cooled and

3ng condition. Texperature,  i1ee  ~iress ° Frodae 2 T sereas o Rride
L tmers Flast s A d A tgtere AN
. T e - T =7
Stress to Produce 0.10 Percent 0 . e .-
Texp:rrature, Tice, Total Plastic Strain, N o e < .-
F iHours ksi T 2% > s
I RS E S i3y
1 2 23
750 100 90.6 ‘a o . T
75¢ 305 83.5 se r f- : R ' i
7350 igog 72.7 < v & 224
750 3000 (a) . b
836 100 44.8 ~
840 300 31.4 i

Ca. I T PATECTTEne afe 80 tLtel

{a) 76.5 ks1 to produce 0.20 percent plastic
strain 1n 3000 hours.

L X2}




TABLE 42. YCUNG'S MODULUS OF HYLITE ss{!1)
(1-inch-diameter bar, fully heat treated)

Temperature, F Modulus, 106 psi

70 16.7
210 16.1
390 15.4
57¢ 14.6
750 13.9
930 13.1

1l10 12.4
1290 11.6

TABLE 43. TYPICAL TENSILE PROPERTIES iF FORSED HYLITE 60
COPRESSCR DISK(4) ()

2.2 Percent Ultimate

Yield Tensil-
Texperature, Strength, Streagth, Elong, Reduction of Ares,
I3 k32 1231 percent _percent
70 1R 150 11 30
600 9C H 12 36
330 45 113 13 39
100¢ 7 H-2 15 43

(a) 1830 F/} Ay, AC « 1020 F/24 hr, AC.

TABLE 44. CREEP PRCPERTIES FROM A 24-INCH-
DIAHET@R COMPRESSOR-DISK FORGING OF HYLITE
69(10){a)

Stress to Produze a Total

Tezperature, Tize, Plaslic Strain. ksi

F Hours 0.10 Percent 0.20 Percent
840 100 59.8 80.5
840 300 SZ.O(b) 77.3
&40 10C0 7.0 68.4
1020 100 7.0 --
1020 300 40.7 -

{(a) Fully heat treated.
{b) Estimated.
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TABLE 45. ESTIMATED SYRESSES REQUIRED TO PRODUCE
TOTAL PLASTIC CREEP STRAINS UP TO 1.0 PER-
CENT AT 750 F AND 840 F IN 5/8-INCH-
DIAMETER HYLITE 60 SWAGED Rop(30)

Heat treated prior to Machining--1830 F/0.5
hr, AC + 1020 F/23 hr, AL, After mackining
and before polisking, stress relieved

1020 F/6.5 hr.

Stresses Required in Specified Times,ksi

Strain, percent 100 Hr 200 Hr 300 Hr 500 Hr

Creep Tests at 750 F

€.05 67.1 63.8 60.5 56.0
0.1 80.¢ 78.5 7¢.1 71.6
9.2 94.0 33.0 91.9 89.6
0.3 100.8 99.7 98.6 a7.s
0.5 106.4 105.3 105.3 105.3
1.0 112.0 112.0 100.9 109.8
Creep Tests at 840 F
0.05 52.6 49.3 48.2 45.9
0.1 65.1 61.6 60.5 57.1
0.2 75.4 76.1 73.9 71.7
0.3 86.3 3.0 82.9 79.5
0.5 95.1 93.2 1.8 89.6
1.0 105.2 104.1 103.9 101.9

A emmnn eamem e e aan
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TARLE 46. TYPICAL PGSTCREEP TENSILE RESULTS OF HYLITE 60(4)
Heat srested 1830 F/1 hr, AC + 1020 F/24 hr, AC

0.2 Percent Ultirmate

Creep Expoture Yield Tensile
Temperature, ¢ftress, Time, Strength, Strength, Elongation, Reduction of Area,
F ksi Hours ksi ksi percent percent
None 133.0 150.0 11.0 32.0
8C0 50 150 145.0 162.3 14.0 29.4
. 1000 40 150 143.5 159.0 i2.0 26.9
e 1050 30 156 141.5 155.0 7.0 13.1

TABLE 47"IE§PICAL TENSILE PROPERTIES OF HYLITE 65 HEAT TREATED 1- INCH-DIAMETER
BAR'

,- Temperature, F 70 210 390 57¢ 750 930 1110 1290

0.2 Percent Proof Stress, 136.9 121.0 97.5 §7.4 83.5 75.2 69.3 37.0
ksi

Ultisate Tensile Strength, ksi 155.0 141.0 121.0 110.1 104.4 97.2 91.5 63.6

Elcngstion, percent 15.5 16.0 18.5 18.0 16.0 17.0 21.0 50.0

Peduction of Are., percent 27 49 41 39 35 45 49 64

TABLE $8. CREEP PROPERTIES OF HYLITE 65 HEAT-
TREATED 1-INCH-DIAMETER BAR(10)

Stress to Produce

Tezperature, Tine, 0.1 Percent Total
F Hours Plastic Strain, ksi
750 36 80.6
750 160 78.5
840 30 71.7
840 170 67.2
930 30 58.2
$30 100 51.%
960 30 53.8
830 100 36.0
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